This article describes the development of overall control for a robot system which is uscd to milk cows at the cow's own demand, without intervention by the farmer. The focus of the paper is on design of the inner and outer loop control of the robot arm developed especially for this system. The article highlights the milking-cups connection strategy, consisting of an approach mode, capture mode, and locking mode, to the teats of the cow. The position of the teats of the cow is measured with a specially designed ultrasonic sensor system.
Introduction
As part of a large overall farm automation project, an autonomous cow-milking robot system has been developed. The system will be able to milk cows fully automatically, i.e., without any help from human beings. The development of the overall system was carried out by VICON International BV [1]- [3] in the Netherlands. The robot arm and its controller were developed in cooperation with robot manufacturer A.P.A. BV and with the Control Laboratory of the Department of Electrical Engineering of the Delft University of Technology. The main emphasis of the work done by the Control Laboratory has been on the modeling of the robot system and the development of a controller for the robot system.
It is anticipated that the milking machine will be able to milk cows four to five times a day at the cow's own demand. Usually cows are only milked two times a day, and the advantage of milking four to five times a day is the increase in milk productivity per cow by about 15%. A further advantage of autonomous milking is that the farmer does not have to attend the cow milking so there is time to cany out other tasks. The following functions will be carried out autonomously by the system: system entrance check; cleaning the udder and teats; connecting the milking-cups to the teats of the cow; milking; registration of the milk pro-
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0272-1708/90/10oO-00 1 1 $0 1 .OO 0 1990 IEEE duction per cow; checking and registration of health and milk quality for each cow; keeping the stored milk cool; cleaning the milk installation; and feeding the cow. In the autonomous milking system, thcre is space for two cows to be milked simulabout a robot control system for sheep-shearing [4] has recently been published.
In the following sections of this article the development of the robot control system for positioning the milking cups under the teats of the cow will be explained. First the strat-
Fig. I . Milking cups attached to the cow's teats.
taneously, although only one robot arm is available for connecting the milking cups to the cow's teats. The two sets of milking cups, one for each cow, are connected one at a time. The system has been built into a standard container which can be placed in any suitable spot inside or outside the barn. For identification purposes a collar with a transponder will be fitted on each cow's neck. When the cow comes within a certain distance of the milking system, it will be recognized and an entrance check will be performed. Criteria for allowing entrance are the state of health of the cow and the time which has elapsed since the last visit. If this time is too short, the cow will be guided back to the other cows. In the case of sickness the cow can be guided away to a special box. Information as to the state of health of a cow is obtained from the quality of the milk produced which can be measured with the aid of sensors. The advantage of the above measurement system is that the farmer is quickly informed about the cow's condition. Although the application is completely different, it is interesting to note that a paper egy for connecting the milking-cups and the construction of the robot arm is described. After that the derived simulation models for the robot links are outlined. The controllers for the robot movements (inner loop and outer loop control) are discussed in the following section, whereafter results of the simulations of the overall control system are shown and a comparison between measurement and simulation is made. The conclusions are drawn in the final section.
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Milking-Cup Connection Strategy
After a cow has been allowed to enter, it is locked within a certain area of the milking system, and the milking cups are connected to the teats. The control strategy for connecting the milking cups has been divided into three modes, approach mode, capture mode, and lock mode. The milking cups are attached to a rack which is connected to a two link passive arm, which can be moved easily. The connection strategy starts when the passive arm is in a parked position with the arm retracted completely. When a signal is received that a cow has to be milked, the rack containing the milking cups is connected to the active robot arm with the aid of a gripper. Thus, the active robot arm and gripper cause the milking cups to move. The approach mode operates as follows: the robot arm with the rack containing the milking cups on its end is moved upwards towards the cow. During approach, the robot has to move slowly to the edge of the area where the teats are to be expected. To attach the milking cups correctly, a control system with its relevant sensor system is necessary. The reasons a control system is required, is that cows are not of the same size and that each cow has teats which keep changing in shape throughout the day as well as throughout its lifetime and also that the cow is still able to make (relatively small) movements. The first teat detected during the approach mode is the right front teat, which we have chosen to be the point of reference. The random position, within certain boundaries, of the point of reference is found with the aid of a set of ultrasonic sensors, which are called the coarse sensors. The coarse sensors are attached to the rack that contains the milking cups. The sensors have been constructed such that they emit a wide, flat bundle perpendicular to the Z-axis. The robot is moved in the upward direction until the reference teat is detected. Once the reference teat has been detected the approach mode ends and the capture mode , that is also specially developed. Finally, in the lock mode, the movements of the cow are followed with little tolerance in order to be able to attach the milking cups. Fig. 1 shows a picture of a cow after the milking cups have been attached.
The milking cups are attached one at a time. After all the milking cups have been attached the actual milking process can start and the active robot arm will be retracted and then the robot arm can be used to attach a second set of milking cups to another cow that is waiting to be milked in the second box. 
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Construction of the Robot Arm
Modeling of the Robot Links Including Motors
The models of the motor-driven links are obtained experimentally by measuring the angular velocity response of the motor axes of the open system with the PWM-input set to a certain (constant) value. One of these responses is illustrated in Fig. 3 . The unit for the angular velocity is given in sliced5 ms, which corresponds to the measured number of pulses from the encoders per sample period. The numbers that are displayed at the end of each line in the graph are the PWM-input value and the final value of the angular velocity. The response (Fig. 3) shows some flexibility effects of the arm.
For the long link this flexibility effect cannot be neglected and therefore it is incorporated in the model. The resulting model with some parametric modifications is also used for the simulation of the short link and the Z-link behavior. The model is based on a standard dc motor model in which some changes have been made in order to incorporate the flexibility effects. The resulting model is shown in Fig. 4 . The descriptions and values of the parameters used in the diagram (Fig. 4) are listed in Table I . The simulated response of the long link, based on the model shown in Fig. 4 , is similar to the measured response shown in Fig. 3 . The controller design, which is discussed in the next section, is based on these models for both the inner loop and the outer loop.
Control of the Robot Arm
The robot arm is computer controlled. The control system is shown in Fig. 5 ; it consists of an inner loop and an outer loop. The inner loop controllers provide the control signal for the PWM. There is an inner loop controller for the position control of each separate motor. Each motor position is measured by an encoder. The task of the inner loop controllers is to make the motor move in a controlled way to the desired position as quickly as possible. The sample time of the inner loop controllers is 5 ms. The outer loop consists of the ultrasonic sensor system, the trajectory controller and robot dynamics. The ultrasonic sensors measure the location of the teats of the cow. The measured distances are the input for the outer loop controller. This controller generates a new setpoint for the robot in Cartesian space and the setpoint is converted into the encoder positions of the different motor axes by means of the inverse kinematic formulas (T-I). The sampling rate of the outer loop is a factor 10 slower than that of the inner loop, thus the sample time of the outer loop is 50 ms. For each of the links, an interpolator is present to generate the setpoints for the inner loop controllers.
Inner Loop Controller
The inner loop controllers are for controlling the desired joint angles of the robot ann. 10 + s i
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The factor c in ( I ) is chosen such that the last term in the equation contributes to 114 of the total criterion value. The input signal used during the optimization procedure is a step function. The time to is defined as the time where the motor and controller are no longer in saturation. The reason for this choice is obvious: as long as there is saturation, the system keeps moving at maximum slew-rate, and altering the parameters by optimization does not cause changes in the system's behavior. Starting at time to the criterion value is calculated over a period of time corresponding to five times the principal time constant of the link concerned, after which the final value of the step response should have been reached. A step response of the long link is shown in Fig. 7 . The contollers of the short and Z-link are designed in a similar way. After implementation in the real system, the inner loop controllers showed results similar to those obtained during the simulations.
Outer Loop Controller
To attach the milking cups, sensor information from the coarse ultrasonic sensors which measure the position of the reference teat is used. A requirement for the cow is that the movements of the robot must be workspace. Smoothing the error signal overcomes this problem. This smoothing is realized by filtering and limiting the measured error signal. Because of the differences in the behavior (speed and smoothness) required of the robot during the approach, capture and lock mode, it is desirable to create a control system which provides the possibility of adjusting for these different behavior requirements by means of a parameter. In order to enable the development engineers to adjust the controller to those requirements, it is desirable to perform this adjustment using a single parameter. However it is not intended to have the farmer perform any of these adjustments. The bandwidth of the cow movement is about 1 Hz. Thus the robot should be able to follow sinusoidal setpoints with limited amplitudes and frequencies up to 1
Hz. Overshoot should remain small to prevent the robot arm touching the cow. The desired accuracy is relatively small. The sensors have a maximum accuracy of about 1 mm. Tests have shown that an accuracy of 5 mm is sufficient for correctly attaching the milking-cups, so this requirement has been more than fulfilled by the sensors. Of the possible outer loop controllers two have been investigated in more detail: the inverse Jacobian controller, and the Cartesian controller.
Inverse Jacobian Outer Loop Controller
A Jacobian [6] is used in robotics to convert joint velocities into Cartesian velocities. The conversion from Cartesian velocities to joint coordinate velocities can be performed by applying equation ( 2 ) , where 0 is the 2 x 1 vector of joint angles of the manipulator, x is the 2 x 1 Cartesian position vector, and J -' is the inverse of the 2 x 2 Jacobian matrix of partial derivatives.
( 2 )
For small displacements we can assume that the matrix J-' is fixed in time and small changes in 0 (60) are assumed proportional ing the inverse Jacobian every sampling period is too time consuming for the real-time control system. Therefore the inverse Jacobian was taken fixed over the whole workspace, taking the center of the workspace as reference for the fixed Jacobian. Because the matrix is part of the feedback loop of the system, the influence of changes in the matrix on the control of the robot remains relatively small. Fig. 8 shows the scheme of the simulation model of the system with the inverse Jacobian controller. The error signal ( e ) , which is directly measured by the sensors in the real system, is obtained in the simulation model by subtracting the current robot position (1st x , y) Simulations showed that the controller incorporating the inverse Jacobian worked poorly. Responses when moving towards a non-moving cow (constant setpoint), starting from some predefined position, resulted in undesirable behavior. Where the distance to be traveled is small the robot shows a heavily damped motion without overshoot. Increasing the travel distance by a factor 2.5 resulted in an overshoot of about 35%. The above-described responses are shown in Fig.  9 . These effects can be explained because equation (3) is only correct if the measured errors remain small. This is not the case if the distance increases. A demand is that the control system should be able to function well with both small and large errors. Therefore the inverse Jacobian control would require some adaptive characteristics, if it were to perform well. Updating the inverse Jacobian in the simulation model by recalculating the matrix each sample made little difference in comparison with responses where the matrix was taken constant, with the cen-ter of the workspace as reference. If larger setpoints, or setpoints far away from the center of the workspace had been applied, these differences would probably have been considerably larger. Because of the problems previously mentioned these tests were not attempted, and the control algorithm based on the inverse Jacobian was not further investigated.
Cartesian Outer Loop Controller
Due to the unsatisfactory results with the inverse Jacobian controller described above, another method was investigated and successfully applied. Instead of filtering the separate joint position errors, which are obtained using the inverse Jacobian described above, the Cartesian errors are filtered. The errors measured by the coarse sensorx (e.g., the difference between the setpoint and the robot position (1st x, y ) in the simulation model) are filtered and added to the previous setpoint to result in the new Cartesian setpoint. After the new Cartesian setpoint is calculated, it is converted into positions for the motor axes with the inverse kinematics (TI). A scheme containing this outer loop controller is shown in Fig. IO . The previously mentioned dead time of three sampling periods ( z -~) may lead to slowly damped oscillations around the setpoint. Therefore the desired specifications cannot be met. The effect of this dead time was taken into consideration during the controller development. Based on parabolic extrapolation of the three previous errors, the developed controller tries to predict its future error. In this way better information is available for control which results in well damped behavior of the arm. The reason extrapolation was chosen instead of the prediction of the future error from the previously derived simulation model is that the time required for the extrapolation calculation is considerably less than that required to predict the error signal from the simulation model. A parabolic extrapolation was used since this matched well with the relatively slow movements of the cow, in comparison to the sample time of the system which is 50 ms. The filter used is a secondorder autoregressive filter (ao, a , . z - ' , a2 . z -~) , which has an adjustable bandwidth, adjustable dc gain and adjustable damping ratio.
Parameter Settings
The filter bandwidth is based on the required robot behavior and will be the only adjustable parameter in order to obtain some degree of user friendliness. Therefore the other two filter parameters, dc gain and damping ratio, are made dependent on the faster, and accordingly less smooth, than normally would be required to position the milking-cups in the lock mode therefore under normal conditions the maximum bandwidth will not be used, which means that some margin to deal with abnormal conditions is preserved. The other parameters, dc gain and damping ratio, were made dependent on the chosen bandwidth, and were obtained with the aid of the simulation model. Appropriate dc gains and damping ratios were determined for six different settings of the bandwidth. The parameters were chosen in such a way that when moving towards a teat from the predefined starting position, the robot was within the 5 mm margin of the setpoint as quickly as possible and also remained within this margin, which ensures that the milking cups can be attached quickly once the cow has settled itself in the system. As stated earlier, these parameter settings (PAR,, . . . , PA%) are obtained for six different bandwidths (fi, . . . , fs) of the filter. But since it must be possible to specify any bandwidth that lies between 0.2 Hz and 5 Hz the following solution has been created. A fifth-order polynomial relation between each parameter (dc gains and damping ratios) and the adjustable bandwidth is derived, based on interpolation. For each parameter, equation (4) can be applied, where PAR, is the parameter corresponding with the ith chosen bandwidth, J is the ith chosen bandwidth in hertz, and a , b, c, d , e , and g are the polynomial coefficients:
Matrix notation results in (5):
The polynomial coefficients are determined directly by inverting the six-by-six matrix in equation (5) .
The outcome of these calculations was verified in two different ways. First the resulting functions were drawn and checked for local or global minima and maxima and smoothness. Second if the first verification was considered correct, the resulting fifthorder function was inserted into the simulation model. Several bandwidths between the 0.2 Hz and 5 Hz were investigated and the responses were checked. The functions which finally resulted for damping ratio and dc gain are shown in Fig. 11 .
Simulation Results
Finally some responses of the developed controller are shown. First a response of the robot moving towards a constant setpoint. This seems to be a step response but actually no discontinuity appears in the sensor data because of the initialization of the controller. This response is shown in Fig. 12 . The developed controller ensures that the setpoint is reached quickly and that the robot remains within the 5 mm margin of the setpoint. Fig.   13 elucidates a simulated sinewave response with a sinewave input of 1 Hz. The setpoint is followed correctly but a considerable phase shift occurs. This phase shift is mostly due to the dead time. Fig. 14 shows a simulated response of the robot for different settings of the filter bandwidth: 5 Hz, 3.2 Hz, 1.9 Hz, 1.3 Hz, and 0.8 Hz.
After implementation some measurements were performed to verify the simulation re-sults. Fig. 15 shows both simulated and measured sinewave responses with a frequency of 0.5 Hz. The responses are almost identical which shows that the simulation model derived is a good description of the actual system. Some practical tests using real cows were performed. The robot was capable of following the cow's movements. Even when the cow moved abruptly the robot remains close to the desired position. To investigate whether the control system is robust enough, especially with respect to bursts of erroneous sensor data, extended practical tests using a number of cows are now in progress.
Conclusions
Considering the overall performance of the autonomous cow-milking robot system, the control system should be able to attach the milking cups correctly to almost any cow. The control system performs well within the required boundaries: the accuracy is better than 5 mm. The application of a parabolic extrapolation filter for the estimation of the future error, thus compensating part of the dead time in the system, proved to be useful. With the developed controller the robot arrives quickly within a margin of 5 mm of a constant setpoint. The time required depends on the distance to be traveled, but is normally between 0.3 and 0.8 s. This means that shortly after the cow stops moving the milking cups can be attached. Sinusoidal movements with frequencies up to 1 Hz, the maximal frequency of the normal cow movements, can be followed. The appearing phase shift is mainly due to the dead time in the system. The designed controller is user friendly. The development engineers can easily change the robot behavior by means of a single parameter. This parameter is the bandwidth of the adjustable filter that is used in the Cartesian controller. The controller is to a certain degree resistant to error bursts of short duration that can occur in sensor data. The complete system is currently undergoing extensive practical tests, where the cows are to be milked autonomously. During these tests the robustness of the controller and the behavior of the complete system in general are examined.
